Summary statement: Viscoelastic parameters of the cell membrane, cytoskeleton, and nucleus are decoupled, and the roles played by cytoskeleton in maintaining nuclear mechanical stability are deciphered.
Introduction
Extracellular forces can deform the cell nucleus via the cytoskeleton that transmits forces from the cell membrane to the nuclear envelope (Haase et al. 2015) . Large nuclear deformation could cause localized loss of nuclear envelope integrity, leading to uncontrolled exchange of nucleocytoplasmic contents, DNA damage and cell death (Denais et al 2016) . The ability of the nucleus to avoid extreme deformation and extreme strain energy release rate is important for its mechanical stability (Rowat et al. 2006) . Quantitative measurements of nuclear deformation and recovery are important for understanding how the nucleus responds to forces and maintains nuclear mechanical stability.
Existing methods for studying nuclear mechanics include micropipette aspiration (Pajerowski et al. 2007) , atomic force microscopy (AFM) indentation (Ivanovska et al. 2017) , magnetic tweezers (Guilluy et al. 2014) , optical tweezers (Schreiner et al. 2015) , substrate strain testing (Lombardi et al. 2011) , and microfluidic approaches (Hanson et al. 2015) . However, the majority of measurements have been made on isolated nuclei or indirectly induce large deformations on a cell to probe the cell nuclear properties (Table SI) . We previously used a sharp AFM probe to penetrate the cell membrane to directly measure elasticity of nuclei (Liu et al. 2014) . However, the elasticity alone is insufficient to describe nuclear deformation behavior. The viscoelastic properties of the cytoskeleton and the nucleus greatly impact nuclear deformation and strain recovery by dissipating strain energy stored in the deformation (Corbin et al. 2016) .
Here, to characterize the viscoelastic properties of the intact nuclei, the nucleus is directly loaded by an AFM probe (Fig. 1A, B) at varying speeds. The AFM probe first deforms and penetrates the cell membrane (Section A in Fig. 1C ), then loads the nucleus until penetration of the nuclear envelope (Section B in Fig. 1C ). The probe position was recorded by conducting AFM measurement and confocal Z-stack scanning simultaneously (Fig. 1D, Fig. S1 ). The forcedisplacement data collected at varied loading speeds were used to quantify the viscoelastic parameters of the cell membrane, cytoskeleton, and nucleus by fitting the data into viscoelastic models. The results revealed that the cytoskeleton stiffens the nucleus through linkage to the nucleus; and the nucleus has inherent capabilities of rapidly releasing the strain energy stored
Results

Quantification of elastic modulus and viscosity of the cell membrane, cytoskeleton, and nucleus
When extracellular forces deform the cell membrane, they are transmitted to the nucleus through the cytoskeleton ( Fig. 2A) . Fig. 2B shows the mechanical model we proposed, where the cell membrane, cytoskeleton, and nucleus are connected in series with each represented by a spring and a damper in the form of the K-V model. Other models have also been used in previous cell mechanics studies (Swift et al. 2013, and Guilluy et al. 2014) ; however, as detailed in the Materials and Methods, the K-V model was chosen here for describing AFM indentation on viscoelastic solids. The proposed model describes deformation as a function of both the magnitude and the rate of the force stimulus. Force stimulus rate was varied in force-displacement, from which the elastic portion (spring, rate independent) and the viscous portion (damper, rate dependent) in the model were quantified (Eqn. S (5)).
The cytoskeleton mechanically supports the cell membrane ( Fig. 2A ). When the cell membrane is deformed by the AFM probe, the cytoskeleton also contributes to the mechanical properties measured on the membrane. Instead of considering the measured results as cell membrane properties alone, the measured data (Section A of Fig. 1C ) reflects the combined effect of the cell membrane and the cytoskeleton (reduced elastic modulus and reduced viscosity of cell membrane * and * ) but doesn't contain nuclear effects. As the cytoskeleton is connected to the nucleus through the LINC complex, the measured data when the probe deforms the nucleus (Section B of Fig. 1C ) reflects the combined effects (reduced elastic modulus and reduced viscosity of nucleus * * and * * ) of the nucleus and the cytoskeleton but does not contain effects from the membrane.
To decouple the properties of the cell membrane, cytoskeleton, and nucleus based on the measured combined effects (significant decrease in the reduced elastic modulus of the nucleus (Fig. 3A) . Anti-cytoskeletal drug treatments did not cause significant changes to the elastic modulus and viscosity of isolated nuclei ( Fig. S3 C) , suggesting that changes in the cytoskeleton do not significantly affect the decoupled properties of nuclei.
Forces from the extracellular matrix are transmitted through the cytoskeleton and cause nuclear deformation. The cytoskeleton's higher elastic modulus relative to the nucleus facilitates nuclear sensitivity to the force transmitted from the cytoskeleton for causing nuclear deformation. Nuclear Cytoskeleton slows down the strain recovery process of cell nucleus.
When an applied stress is removed, the deformation of the nucleus gradually decreases; the stress on nuclear structures is released; and the strain energy stored in the deformation of the spring is gradually dissipated through the damper (Fig. 2B) . The stress-strain relationship during strain recovery is ε(t) = 0 (1 − − ⁄ ), where ε(t) is the strain, 0 is the maximum stress before the strain recovery, is the viscosity, and is the elastic modulus. The ratio of viscosity over elastic modulus (time constant), / , determines the speed of the exponential decay of strain. The time constant also describes the strain energy release rate in strain recovery, as strain energy decreases linearly with the square of strain, = 1 2 ( ) 2 , where U is strain energy, V represents the nucleus' volume. A larger time constant means a longer duration of strain relaxation and a lower strain energy release rate (Vincent 2012) .
For an isolated nucleus, strain recovery is rapid as the nucleus behaves mostly elastically with a small time constant (0.48±0.05 s, Fig. 3B ), which was also observed in micropipette aspiration and in AFM indentation experiments (Dahl et al. 2005) . Because of the high viscosity, the cytoskeleton (time constant: 1.27±0.13 s) requires longer time for strain recovery than the nucleus. Therefore, when the nucleus is tethered by the cytoskeleton, the cytoskeleton significantly slows down the (Miroshnikova et al. 2017) . Structurally, the cytoskeleton tethers to the nuclear lamina connected with chromatin. The high viscosity of the cytoskeleton significantly slows down the nuclear strain recovery process and lowers the strain energy release rate, potentially provide cushion effects to stabilize chromatin structure.
Anti-cytoskeletal drug treatments revealed both the redundant and distinct role of actin filaments and microtubules in stiffening nucleus and slows down strain recovery. On one hand, disturbing both actin filaments and microtubules resulted in significant softer nuclei than disturbing only actin filaments or only microtubules (Fig. 3A) , suggesting that actin filaments and microtubules both play a role in preventing extreme nuclear deformations. On the other hand, disturbing both actin filaments and microtubules resulted in a similar viscosity value than disturbing either one of them (Fig. 3A) . These data prove the necessity of having both actin filaments and microtubules to maintain a high viscosity of the nucleus for slowing down the strain recovery process.
In addition, the SUN domain proteins were knocked down using both siRNA pool and individual siRNA and confirmed by qRT-PCR ( Fig. 3C -E and Fig. S2 ), and the properties of membrane, cytoskeleton, nucleus, and isolated nucleus were measured ( Fig. 3E and Fig. S2 ). After knocking down the SUN proteins, the reduced elastic modulus and reduced viscosity became significantly lower than the control, suggesting the necessity of cytoskeleton-nucleus coupling for the cytoskeleton to stiffen the nucleus, prevent extreme deformations, and slow down strain recovery.
It was noticed that the depletion of SUN1 or SUN2 alone had a significant effect on nuclear stiffness, indicating their potential distinct roles in nuclear mechanics ( Fig. 3C and 3E ).
Late stage cancer cells reveal a lower elastic modulus, viscosity, and time constant.
Late-stage cancer cells are known to have the hallmark of gene instability (Simi et al. 2015) . (Fig. 4A) , suggesting the cytoskeleton difference is responsible for the difference in mechanical properties between RT4 and T24 nuclei. However, we also note that the isolated nuclei of RT4 were significantly stiffer than T24 nuclei, which cannot be explained by cytoskeleton differences. The higher stiffness of isolated nuclei of RT4 vs. T24
could potentially be attributed to the higher density of lamin A/C in RT4 (Fig. 4E , F), which is the major nuclear envelope structural protein (Swift et al. 2013 ).
Discussion
Our findings indicate that the nucleus is a softer organelle relative to the cytoskeleton and coupling with the stiff cytoskeleton helps nucleus avoid extreme nuclear deformations. Large deformations can impose higher stress onto the nuclear envelope, lamins, chromatin, and other structures inside the nucleus. High stress on the nuclear envelope could induce local rupture and cause uncontrolled material exchanges between intra-nuclear and extra-nuclear environments, and DNA damage (Denais et al. 2016; Irianto et al. 2017) . High stress also has the potential to alter the conformation of chromatin, binding between chromatin and transcription factors, and to cause histone modifications (Mattout et al. 2015) . Tethering between the cytoskeleton and nucleus may help to lower the risk of genetic instability when an extracellular force is exerted on the cell.
Previous work showed universal abnormalities of actin and microtubules in late-stage cancer cells (Sun et al. 2015; Sakthivel 2016) , which are consistent with the differences between RT4 and T24
shown in the present study. The structural differences in cytoskeleton imply distinct mechanical 
Materials and methods
Cell culture
Human bladder cancer T24 and RT4 cells were obtained from the America Type Culture 
Nucleus isolation
Human bladder cancer T24 cells were removed from the Petri dish by gently scraping with a cell lifter and transferred to a pre-chilled conical tube after they were rinsed with nuclear extraction buffer (active Motif). The cell suspension was subsequently centrifuged for 5 mins at 500 rpm, and the resulting pellet was resuspended in 1× hypotonic buffer (40010, Nuclear Extract Kit, Active Motif) and incubated cell suspension. The nuclei were then separated from the cellular debris after 30 s centrifugations at 14 000 g at 4 °C. The supernatant (cytoplasmic fraction) was discarded and the pellet (containing nuclei) was then suspended and transferred to a 35 mm Petri dish in complete culture medium for 8 h before the AFM measurements, allowing the nuclei to precipitate and weakly attach to the dish surface.
Drug treatment
Cells were treated with either cytochalasin-D (0.2 µg/mL in cell medium, C8273, Sigma-Aldridge) or nocodazole (5 µg/ml in cell medium, M1404, Sigma-Aldridge) to specifically depolymerize actin or tubulin, respectively. The cytochalasin-D powder was firstly resolved in DMSO at concentration of 0.2 mg/mL, and then 1 µL cytochalasin-D solution was added into 1 mL culture medium as the working medium. Similarly, the nocodazole powder was resolved at concentration
Journal of Cell Science • Accepted manuscript of 5 mg/mL in DMSO, and 1 µL nocodazole solution was added into 1 mL culture medium as the working medium. For the double-treatment experiments, in which both drugs were used to treat the cells, both cytochalasin-D powder and nocodazole powder were resolved in DMSO at concentration of 0.2 mg/mL and 5 mg/mL in DMSO. Then, 1 µL of the DMSO solution with both drug resolved were added to the cell. 1 µL DMSO was added to control group to avoid the influence from DMSO. Each working medium was added to the cell 60 min prior to the experiment. For staining, the drug solution was added to the 24-well cell culture plate with coverslip 60 mins prior to fixing.
Individual siRNA and siRNA pool treatment
The siRNA pool is a combination of multiple siRNAs targeting the same gene. The SMARTpool SUN1 siRNA from Daharmacon includes four types of siRNAs targeting SUN1, and the SMARTpool SUN2 siRNA includes four types of siRNAs targeting SUN2. Using the siRNA pool could reduce the off-target effect, but may cause more non-specific transcription decrease of other genes. Individual siRNA is more specific than siRNA pool, but may have more off-target effect than siRNA pool. To ensure sufficient knock down and ensure potential off-target effects or nonspecific decrease of other genes not to affect the measured nuclear mechanics, we now used both siRNA pool and individual siRNA to knock down SUN1 and SUN2 proteins, after which the reduced elastic modulus and reduced viscosity of the nucleus were measured.
The siRNAs for SUN1 and SUN2 knockdown were purchased from Dharmacon (human SUN1 length. AFM cantilevers with a sharp tip were used in characterizing the mechanical properties of the cell membrane, cytoskeleton, and nucleus. Only a small deformation was produced before the rupture of the cell membrane occurred, conforming to the small-strain assumption of the Hertz model in contact mechanics. The tension effect was minimized via the use of sharp AFM tips that produced a small contact area and small indentation depth.
AFM measurement and data analysis
Force-displacement data were collected at room temperature using an AFM (Bioscope Catalyst, Santa Barbara, CA) mounted on a Nikon confocal microscope. Different from the substrate strain test, in which force application is along the cell substrate direction, and micropipette aspiration, in which applied forces are transmitted through a much larger region of cytoskeleton, measurements made in this work were significantly more locally by a sharp AFM probe that applied a normal force perpendicular to cellular structures. Measurement of cells in each petri dish was completed within 20 mins after taken out of incubator. The AFM probes used in experiments were FIB modified as described above, with a nominal spring constant of 0.03 N/m. The spring constant of each probe was calibrated using thermal spectroscopy (Nanoscope 8.10). The loading speeds were set to be 15 µm/s, 30 µm/s, and 45 µm/s, at each of which force-displacement data were collected.
Force-displacement-speed data were measured at the cell center where a distinct separation of plasma membrane and nuclear envelope can be visualized. Data analysis for quantifying reduced modulus from force-indentation-speed data, and decoupling elastic modulus and viscosity from reduced modulus were conducted in MATLAB. The force-displacement data from AFM measurement have a displacement resolution of 0.2 nm and force resolution of 10 pN, capable of capturing the rupture of the cell membrane due to the large force change caused by cell membrane penetration. Force drop after cell membrane penetration is typically larger than 100 pN (Fig. S1 B -D, Bitterli 2012; Obataya et al. 2005; Angle et al. 2014; Liu et al. 2014) , and there is also a significant change in the elastic modulus which rules out a mere sudden change of force without cell membrane rupturing. The code of data analysis for rejecting the non-rupture case is available for download at https://github.com/XianShawn/Nuclear_Mechanics.
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Viscoelastic model
The viscoelastic model uses springs and dashpots to describe the elastic and viscous properties.
The spring-dashpot model provides more information than previous studies on nuclear mechanics, most of which only focused on the elastic property. The model is commonly used for describing viscoelastic properties of cellular structures as it describes both time-variant (the dashpot) and time-invariant (the spring) relationships between stress and strain (Swift et al. 2013, and Guilluy et al. 2014 ). three components while AFM speed-force-deformation data does not contain the stress rate () information that is necessary for fitting all the three parameters in the SLS model. Direct fitting speed-force-deformation data from our AFM measurement using the SLS model resulted in a correlation coefficient as low as 0.4±0.2 (based on 30 speed-force-deformation curves captured in experiments). Thus, in this work, the SLS model was not chosen for data analysis.
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As nucleus, cytoskeleton, and cell membrane behave more as viscoelastic solids, the K-V model was assumed to describe the speed-force-deformation behavior of the materials. The time constant of the strain recovery process quantitatively describes how fast strain recovery occurs in K-V model. Comparisons made between the group of nucleus only and the group of nucleus coupled with cytoskeleton revealed the role played by cytoskeleton in the strain recovery process.
For a viscoelastic material, stress-strain relation in the K-V model is = + S. (1) where is stress, is strain, is strain rate, is the elastic modulus and is the viscosity of the sample.
In terms of forces, the K-V model combines the elastic portion and the viscous portion as
The Hertz model for a cylindrical tip (the shape of the fabricated AFM probe tips) was applied to determine , according to 
S. (3)
where s is the measured sample elastic modulus, s is the Poisson's ratio of the sample, is the tip radium, and is the displacement of the tip.
As the mechanical strain is calculated as = ∆ = , then,
where the contact area = , according to the Hertz model.
Combining the elastic portion and the viscous portion in the K-V model, the relationship between force, displacement, and speed is = + = 4 3 1/2 3/2 + S. (5) membrane and cytoskeleton. As shown in Fig. 2B , the elastic modulus and viscosity extracted from "Section A" of Fig. 1C were reduced modulus * and * , which describe the combined material properties of the cell membrane and cytoskeleton. Similarly, the nucleus is tethered by the cytoskeleton. The measured mechanical properties from the force-displacement-speed data reflect the coupled mechanical properties of both nucleus and cytoskeleton. As shown in Fig. 2B , the elastic modulus and viscosity extracted from "Section B" of Fig. 1C were reduced modulus * * and * * , which describe the combined material properties of nucleus and cytoskeleton.
Because the tip is sharp and capable of penetrating the cell membrane, distinct separation between the membrane indentation process and the nucleus indentation process was observed. Thus, it was assumed that there is no effect from the nucleus when indenting the cell membrane and there is no effect from the cell membrane when indenting the nucleus.
To determine reduced elastic modulus and reduced viscosity, the AFM raw data were imported into MATLAB. Baseline subtraction and ROI (region of interest) selection were conducted. The ROI for quantifying cell membrane's reduced elastic modulus and the cell nucleus' reduced elastic modulus correspond to "Section A" and "Section B" in Fig. 1 (7) where 1 and 1 are linear regression parameters. Then, the reduced elastic modulus of the cell membrane coupled with cytoskeleton was calculated from regression as * = 1 2 1/2 S. (8) To calculate the reduced viscosity, ∆ was defined as the force difference between two indentation speeds, namely ∆ = 1 − 2 . According to Eq. S. (5),
where ∆ equals to 1 − 2 , and the reduced viscosity * linearly relates to and ∆ .
Then, the regression function is constructed as,
where 2 and 2 are linear regression parameters.
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The reduced viscosity of the cell membrane coupled with cytoskeleton is * = 2 ∆ S. (10) The analysis for determining the reduced elastic modulus * * and reduced viscosity * * for cell nucleus coupled with cytoskeleton is the same as the above.
Decoupling elastic modulus and viscosity from reduce modulus and reduced viscosity
The relationship between the reduced elastic modulus and reduce viscosity are (12) where * and * * are the reduced elastic modulus of the cell membrane and nucleus, respectively; m , c , and n are the elastic modulus of the membrane, cytoskeleton, and nucleus, respectively. (14) where * and * * are the reduced viscosity of the cell membrane and nucleus, respectively; and m , c , and n are the viscosity of the membrane, cytoskeleton, and nucleus, respectively. The reduced elastic modulus * , * * and reduce viscosity * and * * were calculated according to the data analysis procedure described in the above section. The elastic modulus and viscosity of cell nucleus, n and n were calculated based on the measurement on isolated cell nuclei.
Error propagation
Due to variation across cells and due to measurement errors, the mechanical parameters calculated from experimental data have uncertainties. From data analysis, the standard error of reduced modulus * , * * , n , * , * * , n , was quantified via one-way ANOVA. When modulus was decoupled from reduced modulus, the error from reduced modulus would propagate to the decoupled modulus.
According to (Ku 1966) , the elastic modulus m and were calculated as, 
Immunostaining
The plasma membrane of a cell was stained with the CellMask Deep Red stain (C10046, CellMask
Membrane Stain, ThermoFisher Scientific), and the cell nucleus was stained with the standard Hoechst dye (33258, Sigma-Aldrich). The working solution with concentration of 10 μg/mL of CellMask and 50 μg/mL of Hoechst was prepared by mixing the two stocking solutions in warm PBS before confocal imaging. The cells were rinsed with PBS and incubated with the stain working solution for 20 mins. Then, after removal of all the staining solution, the cells were rinsed by PBS three times and then the cells were immediately imaged with confocal microscopy in live cell imaging solution (Invitrogen). The AFM probe tips were first treated with plasma activation for 2 min. (3-Aminopropyl) triethoxysilane (APTES; 99%) (Sigma-Aldrich) was diluted to 2% in a Journal of Cell Science • Accepted manuscript mixture of 95% ethanol and 5% DI water. The AFM probe tips were placed into the APTES solution for 10 min and then rinsed with ethanol, dried with nitrogen, and incubated at 120 °C for 1 h. The Alexa Fluor 555 NHS ester (Invitrogen) was dissolved in DMSO to 100 μg/mL and used immediately. The tips were then placed into the stain solution and incubated for 1 h at room temperature, and then washed with PBS and DI water and dried with nitrogen. In experiments, AFM measurement and cell imaging were performed simultaneously (Fig. 1D) .
Staining for actin, microtubules, and nucleus was achieved using phalloidin fluorescent conjugate from Dr. Didier Hodzic's group) was achieved using primary antibody and secondary antibodies according to Crisp et al. 2006 . The immunostaining process is similar to the procedure described for actin staining. In short, cells were fixed, permeabilized, treated with primary antibody, secondary antibody, and DAPI (D1306 DAPI, ThermoFisher Scientific).
Quantitative confocal imaging and image analysis
In the sample preparation for quantitate confocal imaging, the same mounting media, coverslip, and fluorophore were used for RT4 and T24 cells. In the imaging process, targets were first found under bright-field imaging to minimize photo bleaching. Microscope settings (e.g., laser intensity, gain, exposure time, illumination, etc.) were kept the same for acquiring images in RT4 and T24 cells. Image acquisitions were conducted in minimum duration to minimize bleaching, while Journal of Cell Science • Accepted manuscript avoiding saturations. In image analysis, the normalized intensity for actin and tubulin was quantified by dividing actin or tubulin intensity over chromatin intensity for individual cells. 
Statistical test
The elastic modulus and viscosity of cell membrane, cytoskeleton, and nucleus were reported as mean ± standard error. The standard error for calculated values were quantified base on error propagation. The comparisons of each group were conducted by one way ANOVA and StudentNewman-Keuls test for pairwise comparisons in JMP and the statistical significance in each comparison was evaluated as p < 0.05 for significance level.
Journal of Cell Science • Accepted manuscript
Code availability
The custom-made code for data analysis was written and run in MATLAB R2013a and is available through https://github.com/XianShawn/Nuclear_Mechanics.git. The code is for the purpose of reproducible research, not for commercial usage. Cytoskeleton difference and lamin differences. Chromatin intensity was used for normalizing the intensities. T24 express less tubulin, less actin, and less lamin than RT4. mean±s.e.m., RT4 n = 30, T24 n = 30, *P = 3 × 10 −12 , **P = 3 × 10 −4 , ***P = 3 × 10 −6 . Figure S1 , then loads the cell nucleus until penetration of the nuclear envelope (Section B in Fig. 1(c) ). The region between Section A and Section B is the probe traveling through the cytoplasm without indenting on a specific structure. Thus, data in this region was not fit into the contact mechanics model that was used for determining reduced modulus values in Section A and Section B. Data in this region contains the effect of the inhomogeneous distribution of cytoskeleton. Figure S2 . Nuclear mechanics after SUN protein knockdown using siRNA pool. (A) Reduced modulus and reduced viscosity of nuclei with SUN domain proteins knocked down by siRNA pool, mean±s.e.m., n = 15, *P < 0.02, #P < 0.005. (B) (C) qRT-PCR result for siRNA pool knockdown effects for SUN1 (B) and SUN2 (C), n = 4, ***P< 0.0001, N.S.: no significant difference. The results showed sufficient knock down of SUN1 and SUN2 proteins. It was also noticed that SUN2 siRNA pool induced significant non-specific decrease of SUN1 in (B). (D) SUN domain proteins knocked down using siRNA pool. The overall fluorescence intensity of the SUN1 protein significantly decreased after SUN1 siRNA pool treatment, compared with the group treated with the control siRNA. Similarly, the intensity of the SUN2 protein significantly decreased after SUN2 siRNA pool treatment, compared with the group treated with the control siRNA. Modified Medium) and in cell cytoplasm-mimicking TKMC buffer (50 mM Tris, pH 7.6, 25 mM KCl, 3 mM MgCl2, 3 mM CaCl2, 2 mg/ml each leupeptin and pepstatin). There was no significant difference observed between the measurements in complete culture medium and in the cytoplasm-mimicking buffer. Error bar: s.e.m., n= 15, *P= 0.85, **P= 0.73. (B) Nuclear projected area of intact nuclei within cell, isolated nuclei in complete cell medium, and isolated nuclei in TKMC buffer. The projected area of the isolated nuclei showed no difference between complete medium and the TKMC buffer. Error bar: s.e.m., n = 20, P= 0.5. (C) Anti-cytoskeleton drug treatments did not change the elastic modulus and viscosity of isolated nuclei. Error bar: s.e.m., n = 20, P > 0.46 for elastic modulus, and P > 0.68 for viscosity.
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